The authors describe the development of gamma aminobutyrate (GABA) as a potential control agent in plant -invertebrate pest systems. The evidence indicates that GABA accumulation in plants in response to biotic and abiotic stresses is mediated via the activation of glutamate decarboxylase. More applied research, based on the fact that GABA acts as an inhibitory neurotransmitter in invertebrate pests, indicates that ingested GABA disrupts nerve functioning and causes damage to oblique-banded leafroller larvae, and that walking or herbivory by tobacco budworm and oblique-banded leafroller larvae stimulate GABA accumulation in soybean and tobacco, respectively. In addition, elevated levels of endogenous GABA in genetically engineered tobacco deter feeding by tobacco budworm larvae and infestation by the northern root-knot nematode. It is concluded that genetically engineered crop species overexpressing glutamate decarboxylase and having high GABA-producing potential may be an alternative strategy to chemical pesticides for the management of invertebrate pests.
Introduction
Since the mid-1980s, research groups headed by Barry Shelp, at the University of Guelph, and Alan Bown, at Brock University, have collaborated in studies on gamma aminobutyrate (GABA), most recently on its role in plant defense.
The collaboration ended when Alan Bown retired in 2003, and it seems appropriate and timely to review progress in both basic and applied aspects, as well as the work of others that has resulted in the development of GABA as a potential control agent. For a broader perspective on GABA, the reader is referred to several recent reviews Shelp 1989, 1997; Satya Narayan and Nair 1990; Shelp et al. 1999; Kinnersley and Turano 2000) .
Twin birth of an intellectual curiosity
In 1987, Barry Micallef, Shelp's first M.Sc. student at the University of Guelph, found a surprising result in his study of Arg synthesis in developing soybean cotyledons. Labelled [ 14 C]Glu metabolism resulted in rapid 14 CO 2 production, but no recovery of the 14 C in Arg Shelp 1989a, 1998b) . At that time, the relative importance of 14 CO 2 production from Glu deamination and decarboxylation of the product, 2-oxoglutarate, via the TCA cycle, and the direct decarboxylation of Glu to GABA, was unknown. However, GABA was the fourth most prominent amino acid in the cotyledonary free amino acid pool, and Lucie Tuin, a doctoral student, later demonstrated that (1) labelled Glu is metabolized to CO 2 and GABA and (2) the rate of Glu flux through GABA in situ is comparable to the direct incorporation of Glu into protein Shelp 1994, 1996) .
In the meantime, Bown's group began to investigate amino acid influx in plant cells. Steve McCutcheon reported the existence of a specific Glu-H + cotransport system in photosynthetically competent Asparagus sprengeri mesophyll cells (McCutcheon and Bown 1987) . However, the molar H + uptake rate from the medium was 5-8 times faster than the uptake of [ 14 C]Glu, a stoichiometric overestimate that was caused by efflux of the Glu metabolite, GABA, from the cell, leading to an underestimate of Glu uptake (McCutcheon et al. 1988; Chung et al. 1992) .
Informal discussions with Robert Ireland (Mount Allison University) led to a full review of the literature (Bown and Shelp 1989) , which was followed by another review a year later (Satya Narayan and Nair 1990).
Control of GABA synthesis
GABA has been found in all plant species examined to date Shelp 1989, 1997; Satya Narayan and Nair 1990; Shelp et al. 1999 ). It is a major component of the free amino acid pool, but it is not directly incorporated into plant protein. GABA synthesis results from the removal of CO 2 from glutamate and the consumption of H + . Kevin Breitkreuz, a doctoral student at Guelph, demonstrated that the enzyme responsible, Glu decarboxylase (GAD), is cytosolic (Breitkreuz and Shelp 1995) . The GABA carbon is converted to succinic semialdehyde, and then to succinate, in reactions catalyzed by two mitochondrial enzymes, GABA transaminase and succinic semialdehyde dehydrogenase, respectively. Succinate can enter the TCA cycle Shelp 1994, 1996) . Work by other graduate students demonstrated that nitrogen removed by transamination could be recovered as either Ala or Glu, which could contribute directly to the production of other amino acids and protein Scott-Taggart et al. 1999; Van Cauwenberghe and Shelp 1999; Van Cauwenberghe et al. 2002) . Wallace et al. (1984) first demonstrated that GABA accumulates rapidly in response to external stimuli such as chilling, mechanical stimulation, or damage. They suggested that this accumulation could be attributed to the effect of increasing cytosolic levels of either H + or Ca 2+ on GAD activity, a view that was confirmed much later in Bown's laboratory using cell suspensions loaded with H + -or Ca 2+ -sensitive fluorescent dyes (Crawford et al. 1994; Cholewa et al. 1997) . Wayne Snedden, an Honours undergraduate student at Brock, showed that partially purified GAD has a pH optimum of about 5.8 and argued that in intact cells, a decline in the intracellular pH stimulates GABA accumulation and H + consumption (Snedden et al. 1992) . When sequence information for GADs from Escherichia coli, petunia, and fava bean became available, research groups at the Weizmann Institute and Harvard University obtained exciting evidence for a calmodulin (CaM) binding domain, unique to the Cterminus of the plant enzyme (Baum et al. 1993; Ling et al. 1994; Arazi et al. 1995) . Snedden, then a Ph.D. student in Shelp's laboratory, was the first to demonstrate that at pH 7, but not at pH 5.8, partially purified native GAD from fava bean, soybean, petunia, or A. sprengeri is activated severalfold in the presence of Ca 2+ and CaM (Ling et al. 1994; Snedden et al. 1995; Arazi et al. 1995; Cholewa et al. 1997) . Recombinant GAD from petunia, Arabidopsis, or tobacco (Snedden et al. 1996; Turano and Fang 1998; Zik et al. 1998; Yevtushenko et al. 2003 ) is even more dramatically affected by the addition of Ca 2+ and CaM than the native enzyme, probably because recombinant GAD is not contaminated by endogenous CaM. Other research revealed that the CaM binding domain is autoinhibitory and that after removal of the domain, the enzyme operates in an unregulated state Snedden et al. 1996) . Thus, plant GAD and GABA accumulation are stimulated by increased cytosolic H + and Ca 2+ , resulting in GABA production.
GABA as a pest control agent
GABA acts as an inhibitory neurotransmitter in the invertebrate nervous system by increasing chloride influx into neurons, which results in the hyperpolarization of the plasma membrane and inhibition of action potentials (Sattelle 1990; MacDonald and Olsen 1994) . When ingested or injected, it has ready access to the nervous system or neuromuscular junctions of invertebrates and causes reversible paralysis (Del Castillo et al. 1964; Kuriyama and Sze 1971; Irving et al. 1979 ). An early study suggested that the induced accumulation of GABA in plant leaves, in response to the damage caused by insect feeding, may have profound effects on the feeding habits of insects (Wallace et al. 1984) . Later, Ramputh and Bown (1996) proposed two mechanisms for insect stimulation of GABA accumulation via the regulation of GAD activity: one involving mechanical damage and the release of vacuolar H + and Ca 2+ into the cytosol, and the other involving mechanical stimulation and the influx of external Ca 2+ into the cytosol. Larval herbivory wounds leaves (Kessler and Baldwin 2002) and results in H + influx into the cell and depolarization of the plasma membrane (Meyer and Weisenseel 1997) . Al Ramputh, in his M.Sc. study, demonstrated that within 2 min of simulating the mechanical damage of insect feeding, GABA levels increased up to 2 µmol·g -1 fresh mass, a 10-to 25-fold increase (Ramputh and Bown 1996) . This concentration of GABA in the synthetic diet of Choristoneura rosaceana (the oblique-banded leafroller) larvae reduces their rates of growth, development, and survival. Other research showed that Ca 2+ influx into the cell is stimulated by touch and cold shock (Knight et al. 1991; Cholewa et al. 1997) , and the walking activity of tobacco budworm and oblique-banded leafroller larvae on tobacco and soybean leaves, respectively, increases GABA levels 4-to 12-fold within 5-10 min (Bown et al. 2002) .
Recently, researchers at Guelph generated phenotypically normal, homozygous lines of transgenic tobacco, which constitutively express one or two copies of a full-length tobacco GAD cDNA or a mutant version that lacks the autoinhibitory CaM binding domain . Uninfected transgenic lines consistently contain higher GABA concentrations than wild-type controls. Growth chamber trials revealed that 9-12 weeks after inoculation of tobacco transplants with the northern root-knot nematode, mature plants of five lines possess 57%-93% fewer egg masses on the root surface when the data are expressed on both root and shoot fresh mass bases. Kennaway MacGregor, a M.Sc. student at Brock, conducted a feeding preference study in which tobacco budworm larvae were presented with plant-attached wild-type and transgenic leaves for 4 h. Larvae consumed 6-12 times more leaf tissue from wild-type plants than from transgenic plants (MacGregor et al. 2003) .
Together, these observations provide evidence that (1) ingested GABA disrupts nerve functioning and causes damage to invertebrate pests, (2) invertebrate pests stimulate GABA accumulation, and (3) elevated levels of endogenous GABA deters feeding and infestation by invertebrate pests.
Conclusions
Recent research suggests that GABA accumulation in response to the activity of invertebrate pests is a rapidly deployed local resistance mechanism. Such a mechanism may function prior to deployment of local and systemic resistance mechanisms, which are dependent on changes in gene expression of proteinase inhibitors or other defense products (Kessler and Baldwin 2002) . Elevated GABA levels may deter feeding because ingestion of food material containing excess GABA will paralyze the pest and result in lower developmental rates and reproductive success. Thus, the use of major crop species with high endogenous GABA levels may be an alternative strategy for the management of invertebrate pests. To minimize the potential for developing resistance in the pest, the goal should be a reduction in feeding on genetically modified crops or in the amount of insect offspring. Management would be achieved as a result of the feeding process and be restricted to pests specific to the crop of interest. Such a defense mechanism should be effective against a wide range of invertebrate pests, and it seems unlikely that resistance to elevated levels of GABA would evolve in pests without affecting the functioning of the nervous system. In contrast to most chemical pesticides, this strategy seems likely to pose little concern for humankind, the environment, or the quality of the commercial product .
It is gratifying that funding of what some may consider to be high-risk, esoteric basic science has opened a door to a novel and potentially viable approach to insect pest management based on the previously poorly understood metabolism of GABA.
